Motor Neuroprosthetics
The field of iBMI development can be broadly divided into replacement and reanimation strategies. 6 Both strategies decode neural signals recorded from the brain. For replacement, the aim is to control an artificial external actuator such as a robotic arm. For reanimation, the aim is to functionally bypass the disrupted neuronal pathways through direct functional electric stimulation (FES) of nerves and/or muscles of one's own paralyzed limb ( Fig. 1) .
For replacement approaches, high-performance upperlimb neuroprosthetic control achieved using an iBMI system has been demonstrated in patients with tetraplegia. 5, 21 Arguably the best clinical demonstration of this approach was recently given by a tetraplegic patient who was able to successfully control a robotic arm featuring 7 degrees of freedom to reach specific objects in space with high accuracy. 13 Another participant in whom a 96-channel microelectrode array had been implanted in the motor cortex 5 years earlier further learned to control a robotic arm, enabling her to drink from a cup under her own volition. That study also demonstrated the feasibility of recreating useful prosthetic movements many years after injury. 18 For reanimation approaches, prior work has shown that direct FES of nerves or muscles can be used to elicit movements of one's own paralyzed limbs. 15, 31 Therefore, by using BMI with custom-built high-resolution FES devices, the brain activity of a tetraplegic patient could be prospectively decoded and then used to control stimulation of a paralyzed limb. Here, the general idea would be to match an individual's motor intent (e.g., making an upward arm movement) based on decoded neuronal activity with FES of an appropriate muscle group or nerve that produces that same intended physical movement. Recently, such an approach has indeed been demonstrated in paralyzed patients, enabling them to play a simple guitar tune, 8 or to perform self-paced movements such as drinking from a mug and self-feeding. 1 Moreover, the prospective benefit of this restorative approach is the use of one's own limbs rather than an artificial or robotic one.
Communication Neuroprosthetics
In addition to the restoration of motor function, recent advancements in iBMI technology have raised the possibility of using iBMIs for communication. For example, pa-EDITORIAL Advancement in brain-machine interfaces for patients with tetraplegia: neurosurgical perspective tients with ALS are often markedly limited by the inability to communicate through speech. So far, most technologies have focused on using preserved physical abilities to allow tetraplegic patients to communicate with the outside world. Examples include tracking eye movements to operate a mouse cursor or contracting one's cheek to spell words. These approaches, however, have a very low information bandwidth and are extraordinarily slow.
On the other hand, iBMIs often have access to hundreds of rapidly firing neurons and could, therefore, be potentially used for rapid communication. Currently, the most commonly used iBMIs for communication rely on translating brain activity into point-and-click control commands that allow one to sequentially select letters or words. 17, 22 With this technology, the highest speed and typing accuracy achieved by a patient with ALS was 2 letters per minute using subdural ECoG electrodes. 47 The highest speed and accuracy achieved with a 96-channel microelectrode array was 39 correct characters, or approximately 8 words per minute. 36 Another more recent approach has been aimed at recreating natural speech from brain activity. This represents a more direct way of communication and could potentially allow individuals to convey complex verbal messages in real time. Speech production and perception are processed differently in the frontal and temporal areas. 12 Using this knowledge, prior ECoG-based studies have shown that speech articulation of the lips, tongue, jaw, and larynx can be decoded from the ventral premotor cortex. 7 Other studies have also shown that additional representations, including word selection and phonetics formulation, could be reconstructed from auditory cortex, 38 and that a complete set of English phonemes can be classified using highdensity arrays. 32 Speech and language perception, however, are higher-order cognitive functions, and currently there is only a coarse understanding of how to decode speechrelated cortical activity. It is also not clear how to recreate other important aspects of speech communication such as accentuation and prosody. That being said, significant ongoing progress is being made in this field, and may provide an important supplement to current developments in motor-based iBMIs.
Sensory Neuroprosthetics
Sensory neural circuitry plays a critical role in executing motor tasks, and the lack of sensory feedback remains one of the largest limitations in most iBMI systems. 5, 27 Currently, most iBMIs rely solely on the patient's visual perceptions to provide feedback for motor control. Most natural movements are heavily guided by active somatosensation and proprioception, however, and these perceptions are often necessary for the effective, dynamic execution of voluntary movements. 46 Accordingly, recent research has aimed to address this issue by providing artificial sensory feedback through direct cortical stimulation in real time. In these systems, mechanical sensors receive sensory information such as tactile, pressure, and robotic limb position. 14 This sensory information is then coded into electrical impulses that activate focal areas within the somatosensory cortex of the participant. Therefore, with the delivery of sensory feedback through stimulation, individuals can adjust the hand aperture to move toward a targeted region or perceive the sensation of touch. In addition, nonhuman primate studies have shown that it is possible to combine intracortical long-term multielectrode recording and stimulation in the somatosensory cortex. 34, 44 This approach will probably be necessary for effective neuroprosthetic control, and will require direct neurosurgical access to the somatosensory cortical circuitry.
Future Perspectives
The iBMI technology is rapidly growing, and is likely to become a major new component of restorative neurosurgery. However, the challenges that face iBMI research are still substantial. Current iBMI technology is generally cumbersome, requiring an in-house team of neurophysiologists and engineers, and is normally done within highly specialized laboratory settings. However, there is preliminary evidence to suggest that simpler epidural spinal cord stimulation may also be efficacious in producing electrophysiological improvements in patients with SCI. 2, 40 These devices are fully implantable and can be used, in principle, by patients at home. More recent studies in nonhuman primates have also addressed the feasibility of using implantable brain-controlled spinal stimulation systems to restore the function of one's own paralyzed limb, including restoration of voluntary grasp 49 and 2D limb movements. 41 This vision of a fully integrated wireless system would in turn make future iBMIs more practical. Other research has also demonstrated improved biocompatibility, 23 and prevention of peri-electrode gliosis, 43 which could improve the longterm viability of fully implantable iBMIs.
Most iBMI studies so far have principally focused on restoring upper-limb function, but similar approaches could also be used to restore lower-limb motor control. Restoring lower-limb motor functions such as walking and standing require control of leg and trunk muscles as well as precise maintenance of balance and reflex mechanisms to prevent falls. 20, 39 These limitations currently remain the biggest challenge in iBMI development. The concept of brain-spinal interfaces for restoring ambulation, however, has been recently demonstrated in rhesus monkeys with unilateral SCI. Here, neuronal spiking activity was recorded from the leg area of the primary motor cortex, and decoded to ascertain the primate's intended leg movements. Then, electrical spinal stimulation was applied epidurally to produce extensions and flexions of the leg that matched the primate's intent. Without prior training, the primates were able to learn to volitionally control their paralyzed leg, and restored weight-bearing locomotion on a treadmill as early as 6 days postinjury. 11 Although promising, further work is needed before this intervention can be tested in humans (i.e., who are bipedal and require precise, real-time balance control).
Finally, typical electrical stimulation systems have the general drawback of causing widespread neural activation, and the targeted muscle fibers are often prone to fatigue with repeating electrical stimulation. 45 Optical stimulation is a different approach that may overcome the limitations of electrical stimulation. 10, 25, 26 Using light energy, optical methods stimulate and record neural activity to provide artifact-free, noninvasive, and noncontact neurophysiological access. The addition of optogenetic techniques could also provide additional tissue target specificity. 24 Taken together, these new emerging approaches point to an unprecedented level of prospective control over motor function, and may open the path toward practical clinical applications.
Conclusions
With the potential to restore limb movement, gait mobility, and somatosensation, iBMI systems offer patients with tetraplegia a prospective of near-immediate, long-term restoration of function. The benefit of these systems is that they are functionally specific, can be tailored in real time to optimize function, and can in principle functionally bypass any SCI irrespective of severity, location, or chronicity. Increased interdisciplinary collaboration among the many fields of science and engineering is of prime importance in advancing these prospective approaches from bench to bedside, with the eventual aim of restoring full sensorimotor functions in patients with tetraplegia.
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